Flexible humidity sensors play important roles in wearable devices and consuming electronics which provide a convenient way between digital and physical worlds. This work presents an easy fabricated method for flexible humidity sensors all based on carbon material including electrodes and functional layers. The interdigital electrodes are made by direct laser writing on commercial Kapton tapes and the transferring to flexible Polydimethylsiloxane (PDMS) substrates. The humidity sensing material is reduced graphene oxide (rGO) in nanometer thickness by electrospray. The rGO flakes covered the micro-size laser induced graphite (LIG), forming rGO-graphite balls, dramatically increase surface areas to interact with water molecules. The results show high precision sensitivity and fast response time for adsorption (0.9 s) and desorption (4.5 s). This method provides a novel method for fabricating cost-effective flexible humidity sensors.
INTRODUCTION
Fast response, cost effective and flexible humidity sensors play an important role in mountable applications, such as wearable devices and consumer electronics [1] [2] [3] . Recently, various humidity sensors have been developed based on different sensing materials, such as metal oxide [4] , carbon based materials [5] [6] and transition metal dichalcogenide (TMD) monolayers [7] [8] [9] . Among these, graphene and its functionalized materials have shown the excellent performance in the field of water related applications, such as humidity sensing and water purification [10] [11] [12] . Graphene oxide (GO) and its reduced form, reduced graphene oxide (rGO), contain hydrophilic groups, such as hydroxyl, epoxy, and carboxyl, allowing faster and easier water molecule adsorption compared with other graphene-based materials [13] [14] [15] . In addition, the unique p-type semiconducting property of rGO enables the measurement of relative humidity by simply monitoring the change of material electrical capacitance [16] [17] . In addition, due to the interaction between oxygenated functional groups and water molecules, GO/rGO was considered to be the top carbon-based sensitivity material for humidity sensing [11, [18] [19] .
In this work, a capacitance-type humidity sensor based on all carbon materials is presented in a cost-effective method. The interdigital electrodes are made of laser induced graphite (LIG) embedded into a flexible PDMS substrate with a direct CO 2 laser writing on the commercial Kapton tape. In between the interdigital electrodes, GO (∼nm in thickness) is uniformly electrosprayed on the PDMS substrate to form rGO ultrathin layer under high voltage; while on the surface of interdigital electrodes, nano-sized rGO layers are conformably coated on microsized LIG to form rGO covered graphite balls, which dramatically increases surface areas to interact with water molecules. The possible sensing mechanism of humidity sensors is discussed. The results show excellent humidity sensing performances, such as significant sensitivity and fast sensing and recovering speed at room temperature, demonstrating the unique advantages of all carbon material based flexible humidity sensors.
MATERIALS AND FABRICATIONS

Fabrication Process
The fabrication processes of the flexible humidity sensor are shown in Figures 1(a)∼(d). First, a 50 m-thick commercial Kapton tape (25 m of silicone adhesive and 25 m of polyimide) is attached to a silicon substrate as shown in Figure 1 (a). In Figure 1(b) , the laser induced graphite (LIG) electrodes are patterned to interdigital electrodes through the direct writing of CO 2 laser (wavelength of 10.6 m in the infrared spectrum) on the Kapton tape. Then, liquid polydimethylsiloxane (PDMS) solutions are poured to cover the LIG electrodes. After PDMS cure, in Figure 1 (c), the PDMS/graphite substrate can be peeled off from the original Kapton tape. The fabrication process of transferring the LIG to PDMS substrate and the material characterizations of before and after transferred morphologies can be found in our previous work [20] [21] . After then, graphene oxide concentrated solution (10 mg/ml) was prepared according to the modified hummers' method. GO concentrate is then diluted to 0.4 mg/ml in ethanolwater solution for better viscosity, electrical conductivity and volatility. After sonication for 20 min at 100 W (Q500, Qsonica), the solution is then injected in a 20 ml syringe for electrospraying. The syringe pump (NE-300, New Era Pump Systems) is set to 2.5 l/min for continuous ejection of GO liquid at the syringe nozzle (30GA GP 0.006X 0.5, Nordson). The cathode (0∼6 kV) of the high voltage power supply (TOS5051, KIKUSUI) is clamped to the nozzle to atomize the GO droplets, while the ground (GND) electrode is connected to the top surface of the moving stage (XMS50, Newport Corp.) to form a pointplate electric field with field line pointing downward. The automation of the moving stage is controlled by a linear motion controller through a LabView program, which allows 1 nm precision movement in both xand y-axis. Accordingly, GO nano-sheets are sprayed along with the electric field line and uniformly deposited on top of the LIG induced PDMS/graphite flexible substrate which is attached on the surface of moving stage. The stage moving speed and acceleration are set to 0.5 mm/s and 0.5 mm/s 2 respectively for homogeneous functional layer deposition. Temperature (22 C) and relatively humidity (30%) are controlled during the electros praying process. After electrospray, in Figure 1(d) , some part of GO is reduced to rGO because GO flakes get electrons from the substrate under the condition of high voltages (∼kV) potential difference between the needle and the substrate. The humidity sensing material is the composite GO/rGO, which will be discussed in the characterization part of the paper.
Compound Analysis of rGO-Graphite Balls
As shown in Figure 2 (a), the humidity sensor can be folded by two fingers showing its good flexibility, which exhibits its candidacy for application in wearable electronics. Figure 2 (b) schematically depicts the structure design of the humidity sensor. The interdigital electrodes are made of LIG/PDMS composite. The width of an electrode is 200 m and the gap between electrodes is 500 m. The rGO ultrathin layer is serving as the humidity functional layer with the thickness of 50∼200 nm by electrospraying. In Figure 2 (c), the scan electron microscopy (SEM) image shows the cross-sectional view of the sensor's electrode imbedded in PDMS substrate. As shown the graphical illustration in Figure 2(d) , the rGOgraphite balls are formed after GO electrospraying on the LIG/PDMS electrodes. Before electrospray, the morphology is occupied by LIG/PDMS balls, which have smooth and round surfaces as shown in Figure 2 (e). However, after electrospray, the rGO flakes cover the surface of the LIG/PDMS balls to form humidity sensing functionalized balls, which have rough surfaces as shown in Figure 2 (f). The coated rGO flakes are nanometer in thickness and crumpled so that they significantly increase the effective area between water molecules and functional surfaces, contributing the fast adsorption and desorption of water molecules.
Material Characterization
Electrical reduction of GO has been studied in many research with different setups [22] [23] . In this study, the reduction of GO to rGO is also observed according to X-ray photoelectron spectroscopy (XPS) and X-ray Diffraction (XRD) spectra as shown in Figure 3 .
In XPS spectrum, two peaks at GO spectrum merge to single peak at rGO spectrum, indicating noticeable chemical reduction during electrospraying process. Most of the carbonyl and carboxyl groups (C O) are reduced to hydroxyl, alkane or alkene (C-O), as the peak at 288.5 eV decreases and the peak at 287.3 eV increases. XRD spectrum shows two peaks at 2 which are 12 and 26 , (2) co-existence of both GO and rGO in the after-electrosprayed system. The partial reduction of GO imposes a smaller average interlayer spacing, which will be of importance to prevent interlayer swelling when relative humidity is high. 
WORKING PRINCIPLE OF THE FUNCTIONAL SENSING MATERIAL
Graphene-based materials have been studied for humidity sensing in many researches [11, [24] [25] , mainly due to their large number of surface carbon atoms and functional groups that enable vapor or gas adsorption on large surface area within small volume. Unlike pristine graphene that does not contain active site for sensitive humidity sensing, GO and rGO both have abundant oxygen containing functional groups (epoxy, carboxyl, and hydroxyl) and defects that will adsorb water molecules. At low humidity, rGO is well recognized as a p-type semiconducting material and its conductivity is dictated by positive charged holes [16] [17] . Single layer water molecules attached to rGO surfaces will serve as electron donors [17, 26] , causing reduction of holes in the rGO surface. Previous experimental results from several studies confirmed this p-type semiconducting behavior of both chemically and thermally reduced rGO [27] [28] [29] to transit proton to the inner surface of rGO and resulting in an increase of material capacitance. On the other hand, rGO is also driven by interlayer swelling: as water can be adsorbed by the oxygenated functional groups (epoxy, carboxyl, and hydroxyl) within nano-sheets, rGO interlayer space (d-spacing) can be enlarged. As the functional material can swell under high humidity (more swelling for GO layers), the affinity of material can be undermined and thus result in an increase of material resistance [30] [31] .
In this research, material swelling effect is suppressed since electrosparyed rGO has high degree of graphitization according to XRD, indicating much less oxygenated functional groups than typical rGO nano-sheets and smaller interlayer spacing during hydration. Thus, the ionic conductivity effect is out performed material swelling effect in high RH environment.
PERFORMANCE OF THE HUMIDITY SENSOR
The humidity-sensing performance of the rGO film sensor was tested under the relative humidity (RH) from 0% RH to 90% RH. Parameters such as humidity sensitivity, response time and recovery times, and temperature stability were evaluated. Figures 4(a)∼(c) shows the capacitance changes with RH at different frequencies (100 Hz, 300 Hz, 500 Hz and 1 kHz) based on the different thickness of the rGO films (50 nm, 100 nm and 200 nm). The reported data are the mean values obtained from several measurement cycles at a temperature of 25 C. As the RH increases, the output capacitance of the sensor increases monotonically. Adsorption of water increases the dielectric constant and capacitance. More adsorbed water molecules enhance polarization and increase dielectric constant. It can be seen from Figures 4(a) ∼(c), that the capacitance decreased with increasing frequency. Among the four testing frequencies, the sensor under 100 Hz has the best performance. The reason is that the direction of the electric field changes slowly at low frequencies and resulting in the spatial charge polarization of adsorbed water. When the frequency is high, the direction of the electric field changes too fast, and the polarization of adsorbed water cannot keep up. So, the dielectric constant is small and independent of RH [32] . In order to evaluate sensor sensitivity quantitatively, we defined the sensitivity as follows:
or
Where C x and C 0 are the capacitances at x% and 0% RH, respectively. Figure 4(d) shows the relationship between sensitivity and RH based on the Eq. (1). Obviously, the sensitivity for 100 nm thick rGO film sensor is higher than three others thick rGO film sensors. Based on the Eq. (2), we can get that when the RH changes from 0% RH to 90% RH, the corresponding relative capacitance change under the rGO thick film of 50 nm, 100 nm and 200 nm are 44400%, 50600% and 49000%, respectively. These values are higher than those of capacitive humidity sensors based on other materials [33] [34] [35] [36] at the same conditions. Based on the results, we select the 100 nm-thick rGO thick film sensor at 100 Hz as the experimental conditions. Both response and recovery times are important indicators for evaluating relative humidity sensors. Figure 5(a) is normalized response of the 100 nm-thick humidity sensors to a modulated humid (5% RH∼90% RH) air flow at 100 Hz. Here, the normalized response is defined as the capacitance change corresponding to time over the measured largest capacitance change. The results showed that response and recovery times have good reproducibility for continuous measurements in the same condition of a modulated humid air flow. Figure 5(b) is response time analysis extracted from one cycle of RH pulse in Figure 5 (a). The sensor response time (humidification from 5% RH to 90% RH) was 0.9 s, and the recovery time (desiccation from 90% RH to 5% RH) was 4.5 s, both better than conventional capacitive sensors utilizing multi-wall carbon nanotubes, silicon nanowires, macro porous silicon, anodic aluminum oxide, graphene oxide (G-O) films and so on [34] [35] [36] [37] [38] the comparison can be seen from Table I .
Previous studies have demonstrated that temperature usually has great impact to the performances of a humidity sensor. For example, carbon nanotube (CNT)-based sensors are very sensitive to temperature because the binding and activation energies between water molecules and CNT are highly dependent on temperature [39] [40] . As shown in Figure 5 (c) the influence of environmental temperature on the humidity sensing of the rGO-based sensor was measured at temperatures ranging from 30 to 70 C under a constant humidity (55% RH) in sealed condition. The results indicate that the sensor can be maintained at a stable level and will not alter with temperature change in certain range. Stability is an important parameter of humidity-sensing properties. The sensor was tested repeatedly under fixed humidity levels (5%, 25%, 50%, 55%, and 65% RH) every 5 days for 30 days. The results are shown in Figure 5(d) . The capacitance variation was less than 1% at each humidity level for one month at 100 Hz, which showed the output capacitances of the sensor fluctuate slightly with time, and the data showed good consistency.
CONCLUSIONS
In this work, we proposed an easy and fast fabrication method for making all carbon based flexible humidity sensor. A new way for making flexible electrodes was provided in this paper. We found that as thickness of GO film reaches 100 nm, the sensitivity showed the best results among others and the adsorption time and desorption time can be fast as 0.9 s and 4.5 s, respectively. We contributed the high sensitivity and fast response time to the rGO-graphite balls on the electrodes. We also conducted material characterization to analyze the materials humidity sensing mechanism by using SEM images, XRD, XPS, Raman spectrum and AFM characterizations. The proposed humidity sensor showed the potentials in various applications such as wearable devices and consumer electronics.
